Microdeletion of the human 16p11.2 gene locus has been linked to autism spectrum disorder (ASD) and intellectual disability and confers risk for a number of other neurodevelopmental deficits. Transgenic mice carrying 16p11.2 deletion (16p11 ؉/ Ϫ ) display phenotypes reminiscent of those in human patients with 16p11.2 deletion syndrome, but the molecular mechanisms and treatment strategies for these phenotypes remain unknown. In this study, we have found that both male and female 16p11 ؉/ Ϫ mice exhibit deficient NMDA receptor (NMDAR) function in the medial prefrontal cortex (mPFC), a brain region critical for high-level "executive" functions. Elevating the activity of mPFC pyramidal neurons with a CaMKII-driven Gq-DREADD (Gq-coupled designer receptors exclusively activated by designer drugs) led to the significant increase of NR2B subunit phosphorylation and the restoration of NMDAR function, as well as the amelioration of cognitive and social impairments in 16p11 ؉/ Ϫ mice. These results suggest that NMDAR hypofunction in PFC may contribute to the pathophysiology of 16p11.2 deletion syndrome and that restoring PFC activity is sufficient to rescue the behavioral deficits.
Introduction
The 16p11.2 human gene locus, which spans ϳ550 kb and encompasses 26 genes (Portmann et al., 2014) , has been identified as a hotspot for copy number variations that confer risk for autism spectrum disorder (ASD; Weiss et al., 2008; McCarthy et al., 2009; Fernandez et al., 2010; Hanson et al., 2010; Rosenfeld et al., 2010; Shinawi et al., 2010; Zufferey et al., 2012; , intellectual disability (Hanson et al., , 2015 Walters et al., 2010; Zufferey et al., 2012; Maillard et al., 2015; , schizophrenia (McCarthy et al., 2009) , and obesity (McCarthy et al., 2009; Rosenfeld et al., 2010; Walters et al., 2010; Zufferey et al., 2012) . ASD, a group of neurodevelopmental disorders characterized by social deficits, repetitive behaviors, and intellectual dysfunction, has been reported in both 16p11.2 deletions and 16p11.2 duplications but appears to be more strongly associated with 16p11.2 deletions Rosenfeld et al., 2010) . Approximately 19 -27% of 16p11.2 deletion carriers were found to meet criteria for ASD diagnosis (Hanson et al., , 2015 Rosenfeld et al., 2010) . Furthermore, genetic screenings suggest that 16p11.2 deletions account for ϳ0.5% of all ASD cases, positioning it among the strongest known genetic predictors of ASD (Christian et al., 2008; Bijlsma et al., 2009; Rosenfeld et al., 2010) .
Human patients with 16p11.2 deletions commonly exhibit motor and developmental delays, below-average intelligence, speech and language impairments, attention deficits, autism-related symptoms, macrocephaly, and dysmorphic features (Hanson et al., , 2015 Rosenfeld et al., 2010; Shinawi et al., 2010) . Transgenic mouse models carrying 16p11.2 deletions (16p11 ϩ/ Ϫ ) have been developed, which display similar phenotypes, including impairments in novel object recognition memory (Portmann et al., 2014; Yang et al., 2015b; Arbogast et al., 2016) , delayed learning in multiple paradigms (Tian et al., 2015; Yang et al., 2015b) , loss of social novelty recognition, and disrupted ultrasonic vocalizations (Yang et al., 2015a,b; Arbogast et al., 2016) . Molecular and cellular mechanisms underlying the autism-like behavioral abnormalities in 16p11 ϩ/ Ϫ mice are primarily unknown. Prefrontal cortex (PFC), a brain region critical for high-level executive functions, plays an essential role in mediating social cognition (Amodio and Frith, 2006) . Disrupted NMDA receptor (NMDAR) function in PFC has been found to underlie the autism-like social deficits in the Shank3-deficient model of autism (Duffney et al., 2015) . In this study, we sought to find out whether 16p11 ϩ/ Ϫ mice also exhibit NMDAR hypofunction in PFC and whether elevating PFC neuronal activity is able to rescue the synaptic and behavioral deficits in 16p11 ϩ/ Ϫ mice. One way to manipulate the activity of specific neuronal populations in vivo is to use the chemogenetic tool designer receptors exclusively activated by designer drugs (DREADDs) . Gq-coupled DREADDs use a modified form of the human M3 muscarinic receptor (hM3Dq) to induce an excitatory cellular response in the presence of their ligand, clozapine-N-oxide (CNO; Armbruster et al., 2007; Alexander et al., 2009) . Activating hM3Dq DREADDs with CNO increases neuron excitability by mobilizing intracellular calcium (Armbruster et al., 2007) . Here we investigated the rescuing effect of Gq-DREADDinduced activation of PFC pyramidal neurons in 16p11.2 microdeletion mice.
Materials and Methods

Animals
The 16p11.2 deletion mice (The Jackson Laboratory) with one copy (heterozygous for a deletion or deficiency allele) of the chromosomal region corresponding to 16p11.2 were generated using chromosome engineering as described previously (Horev et al., 2011) . Heterozygous 16p11.2 deletion female mice and wild-type (WT; C57BL/6N129Sv) male mice were bred together to generate heterozygous offspring for experimental use. Wild-type littermates were used as controls. Mice (8 -12 weeks old, both males and females) of different genotypes were randomly assigned to treatment groups. Researchers were blind to both genotypes and treatments during experiments. All animal studies were performed with the approval of the Institutional Animal Care and Use Committee of the State University of New York at Buffalo.
Behavioral testing
Barnes maze. Animals were placed on a round platform with eight equally spaced holes at the edge, one of which was attached with an escape box. A weak aversive stimulus, light, was applied to increase the motivation to escape from the circular platform. During the two learning phases (information acquisition), the animal was allowed to explore the platform for 3 min until finding the correct hole using distal visual cues and entering the escape box. The interval between each learning phase was 5 min. After two learning sessions, the animal was placed in its home cage to rest for 15 min. In the memory phase (information retention and retrieval), the escape box was removed, and the animal was put back on the platform to explore for 3 min. The time spent on the correct hole (T1) and the other seven incorrect holes (T2) were counted. The spatial memory index was calculated by T1/T2.
Social approach. The test animal was habituated in an apparatus (length, 67.7 cm; width, 50.8 cm; height, 50.8 cm) containing a capsule (an inverted pencil cup, placed in the center area) for 10 min and was returned to the home cage. The apparatus was cleaned, and a social stimulus (an age-and sex-matched mouse) was placed inside the capsule. The test animal was put back into the apparatus to explore for 10 min. The time spent on interacting with the social stimulus and the number of social approaching were measured.
Electrophysiological recordings
The whole-cell voltage-clamp recording technique was used to measure synaptic currents in prelimbic and infralimbic layer V pyramidal neurons from slices (1.70 -2.00 mm anterior to bregma) as described previously (Yuen et al., 2010 (Yuen et al., , 2012 . Mouse slices (300 m) were positioned in a perfusion chamber attached to the fixed stage of an upright microscope (Olympus) and submerged in continuously flowing oxygenated ACSF (in mM: 130 NaCl, 26 NaHCO 3 , 1 CaCl 2 , 5 MgCl 2 , 3 KCl, 1.25 NaH 2 PO 4 , 10 glucose, pH 7.4, 300 mOsm). Bicuculline (20 M) and CNQX (20 M) were added in NMDAR-EPSC recordings. Bicuculline and D-APV (50 M) were added in AMPA receptor (AMPAR)-EPSC recordings. Patch electrodes contained internal solution (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4 NaCl, 10 HEPES, 1 MgCl 2 , 5 EGTA, 2 QX-314, 12 phosphocreatine, 5 MgATP, 0.2 Na 3 GTP, 0.1 leupeptin, pH 7.2-7.3, 265-270 mOsm. Layer V medial PFC (mPFC) pyramidal neurons were visualized with a 40ϫ water-immersion lens and recorded with the Multiclamp 700A amplifier (Molecular Devices). Evoked EPSCs were generated with a pulse from a stimulation isolation unit controlled by a S48 pulse generator (Grass Technologies). A bipolar stimulating electrode (FHC) was placed ϳ100 m from the neuron under recording. For NMDAR-EPSC, the cell (clamped at Ϫ70 mV) was depolarized to ϩ40 mV for 3 s before stimulation to fully relieve the voltage-dependent Mg 2ϩ block. Membrane potential was maintained at Ϫ70 mV for AMPAR-EPSC recordings. For input-output responses, the EPSC was elicited by a series of pulses with different stimulation intensities (20 -100 A) delivered at 0.033 Hz. To obtain the NMDAR-EPSC-to-AMPAR-EPSC ratio, AMPAR-EPSC was first recorded at Ϫ70 mV in ACSF solution (containing bicuculline). Then the mixture of AMPAR-EPSC and NMDAR-EPSC was recorded at ϩ40 mV with the same stimulation pulse (0.5 ms, 50 A). The peak of NMDAR-EPSC was calculated at 50 ms from the onset of the EPSC mixture. Spontaneous EPSCs (sEPSCs) were recorded in neurons (clamped at Ϫ70 mV) with the same external and internal solutions.
To record the spontaneous action potential (sAP), slices were bathed in a modified ACSF (in mM: 130 NaCl, 26 NaHCO 3 , 1 CaCl 2 , 0.5 MgCl 2 , 3.5 KCl, 10 glucose, 1.25 NaH 2 PO 4 ) to slightly elevate basal neuronal activity (Zhong and Yan, 2016; Wei et al., 2018) , which more closely mimics the ionic composition of brain interstitial fluid in situ (1.0 -1.2 mM Ca 2ϩ , 1 mM Mg 2ϩ , and 3.5 mM K ϩ ; Sanchez-Vives and McCormick, 2000) . Whole-cell current-clamp techniques were used to measure action potential firing with the internal solution containing (in mM) 20 KCl, 100 K-gluconate, 10 HEPES, 4 ATP, 0.5 GTP, and 10 phosphocreatine (Maffei and Turrigiano, 2008) . A small depolarizing current was applied to adjust the interspike potential to Ϫ60 mV.
Data analyses were performed with Clampfit (Molecular Devices), Mini Analysis Program 6.0.3 (Synaptosoft), Kaleidagraph (Synergy Software), and GraphPad Prism 6 (GraphPad Software).
Biochemical measurement of total and synaptic proteins
Western blots were performed using antibodies against NR1 (1:1000, D65B7, Cell Signaling Technology), NR2A (1:500, 07-632, Millipore), NR2B (1:1000, 06-600, Millipore), GluR1 (1:500, SC-13152, Santa Cruz Biotechnology), GluR2 (1:500, Ab20673, Abcam), PSD-95 (1:1000, 75-028, Neuromab), Tubulin (1:10,000, T9026, Sigma), Synaptophysin (1: 500, 611880, BD Biosciences), and phosphorylated-NR2B (S1303; 1:500, Ab81271, Abcam).
Subcellular fractions were prepared as described previously (Duffney et al., 2015) . In brief, punches of frontal cortex were cut out, weighed, and homogenized in ice-cold lysis buffer (10 ml/g, 15 mM Tris, pH 7.6, 0.25 M sucrose, 1 mM PMSF, 2 mM EDTA, 1 mM EGTA, 10 mM sodium pyrophosphate, protease inhibitor tablet). After centrifugation at 800 ϫ g for 5 min to remove nuclei and large debris, the remaining supernatant was subjected to 10,000 ϫ g centrifugation for 10 min. The crude synaptosome fraction (pellet) was suspended in lysis buffer containing 1% Triton X-100 and 300 mM NaCl, homogenized again, and centrifuged at 16,000 ϫ g for 15 min. Triton-insoluble fraction, which mainly includes membrane-associated proteins from synaptosomes, was dissolved in 1% SDS. Samples were boiled in 2ϫ SDS loading buffer for 5 min and separated on 7.5% SDS-PAGE.
Viral vectors and animal surgery
Adeno-associated virus (AAV)8/CaMKII␣-hM3Dq(Gq)-mCherry (4.1 ϫ 10 12 vp/ml) was obtained from Addgene. AAV8-CaMKII␣-GFP (5.1 ϫ 10 12 vp/ml) was obtained from the Vector Core at the University of North Carolina at Chapel Hill. Stereotaxic injection of the virus (1 l) to the medial PFC ( prelimbic and infralimbic regions) was performed as described previously (Duffney et al., 2015) . In brief, mice were anesthetized and placed on a stereotaxic apparatus (David Kopf Instruments). The injection was performed with a Hamilton syringe (needle gauge 31) at a speed of ϳ0.2 l/min, and the needle was kept in place for an additional 5 min. The virus was delivered bilaterally to the target area using the following coordinates: 1.98 mm anterior to bregma; 0.25 mm lateral; and 2.2 mm dorsal to ventral. All behavioral and electrophysiological tests were conducted 2 weeks after surgery. Behavioral testing or electrophysiological recordings were performed at 1-6 h after intraperitoneal injection of CNO or saline in viral-infected mice. Fluorescence images were taken on a Zeiss Axio Observer inverted microscope.
Immunohistochemistry
Mice were anesthetized and transcardially perfused with PBS, followed by 4% paraformaldehyde (PFA) before brain removal. Brains were postfixed in 4% PFA for 2 d and cut into 100 m slices. Slices were cut coronally and permeabilized using 0.5% Triton in PBS for 1 h, washed, and blocked for 1 h in PBS containing 3% BSA and 0.3% Triton. After washing, slices were incubated with the primary antibody against CaMKII (ab134041, 1:500, Abcam) for 48 h at 4°C. After washing three times (30 min, 1 h, and 1 h with gentle shaking) in PBS, slices were incubated with the secondary antibody (Alex488, A21202, 1:1000, Invitrogen) for 1 h at room temperature, followed by three washes with PBS. Slices were mounted on slides with VECTASHIELD mounting medium (Vector Laboratories). Images were acquired using a 40ϫ objective on a Zeiss LSM 510 confocal microscope.
Statistical analyses
All data are presented as the mean Ϯ SEM. No samples were excluded from the analysis. The sample size was based on power analyses and was similar to those reported in previous work (Yuen et al., 2012; Wei et al., 2018) . The variance between groups being statistically compared was similar. Experiments with two groups were analyzed statistically using unpaired Student's t tests. Experiments with more than two groups were subjected to one-way ANOVA, two-way ANOVA, or two-way repeatedmeasures ANOVA, followed by post hoc Bonferroni's tests.
Results
16p11
؉/؊ mice exhibit NMDA receptor hypofunction in PFC To determine whether deletion of the 16p11.2 region affects glutamatergic transmission in the PFC, we performed whole-cell electrophysiological recordings in PFC pyramidal neurons from 16p11 ϩ/ Ϫ (8-to 10-week-old) and age-matched WT mice. NMDAR-EPSCs evoked by multiple stimulation intensities were significantly reduced in PFC neurons of 16p11 ϩ/ Ϫ mice ( Fig. 1A ; 39 -52% decrease; WT, n ϭ 21 cells/4 mice; 16p11 ϩ/ Ϫ , n ϭ 26 cells/5 mice; F (1,45) (genotype) ϭ 22.5, p Ͻ 0.001, two-way ANOVA). The ratio of NMDAR-EPSC to AMPAR-EPSC was also significantly lower in 16p11 ϩ/ Ϫ mice compared with WT mice ( Fig. 1B ; WT, 0.62 Ϯ 0.02, n ϭ 13 cells/4 mice; 16p11 ϩ/ Ϫ , 0.47 Ϯ 0.05, n ϭ 10 cells/3 mice; p Ͻ 0.01, t test). However, the paired-pulse ratio of NMDAR-EPSCs, a measurement of presynaptic vesicle release (Zucker, 1989) , did not differ between WT and 16p11 ϩ/ Ϫ mice ( Fig. 1C ; WT, n ϭ 23 cells/5 mice; 16p11
, n ϭ 24 cells/4 mice; F (1,45) (genotype) ϭ 0.20, p Ͼ 0.05, two-way ANOVA), suggesting a lack of presynaptic changes.
In contrast to the reduction of NMDAR-EPSC, PFC pyramidal neurons from 16p11 ϩ/ Ϫ mice had unchanged AMPAR-EPSC amplitudes ( Fig. 2A ; WT, n ϭ 17 cells/5 mice; 16p11 ϩ/ Ϫ , n ϭ 14 cells/4 mice; F (1,29) (genotype) ϭ 2.43, p Ͼ 0.05, two-way ANOVA). sEPSCs also had no difference between 16p11 ϩ/ Ϫ and WT mice ( Fig. 2B-D Given the observed NMDAR hypofunction and evidence implicating a postsynaptic mechanism, we examined whether the synaptic expression of NMDAR subunits was reduced in PFC neurons from 16p11 ϩ/ Ϫ mice. Subcellular fractions containing only synaptic membrane proteins were isolated from PFC of 16p11 ϩ/ Ϫ mice and WT controls. Protein expression levels of NMDAR and AMPAR subunits were measured in total lysates and synaptic membrane fractions through Western blotting. No difference was found between groups in total expression levels of NMDAR or AMPAR subunits (Fig. 3 A, C ; n ϭ 5-6 mice per group, p Ͼ 0.05, t test). Normal levels of NMDAR and AMPAR subunits were also detected in the synaptic fraction (Fig. 3 B, C ; n ϭ 5-6 mice per group, p Ͼ 0.05, t test). Western blots for Synaptophysin (a presynaptic vesicle protein) showed no differences between groups (Fig. 3 A, C ; n ϭ 5-6 mice per group, p Ͼ 0.05, t test), suggesting a lack of changes in presynaptic components. Because NMDARs can be regulated by GPCR signaling-mediated phosphorylation , it is likely that NMDAR hypofunction in 16p11 ϩ/ Ϫ mice is due to NMDAR dysregulation.
Chemogenetic activation of PFC pyramidal neurons in 16p11
؉/؊ mice rescues NMDAR hypofunction Because16p11 ϩ/ Ϫ mice exhibited deficits in NMDAR-mediated synaptic responses in PFC, we next tested whether elevating PFC neuronal activity via chemogenetic stimulation of the Gq pathway could restore NMDAR function. The mCherry-tagged, CaMKII-driven, Gq-coupled DREADD AAV (hM3Dq) was injected bilaterally to the mPFC of 16p11 ϩ/ Ϫ and WT mice (Fig.  4A ). Immunohistochemical staining of CaMKII indicated that ϳ70% of mPFC pyramidal neurons in the proximity of the injection sites were DREADD positive (Fig. 4B) . Selective activation of mPFC pyramidal neurons was achieved by the systemic administration of CNO (3 mg/kg, i.p.). Considering that systemically injected CNO converts to clozapine (Gomez et al., 2017) , which could occupy endogenous GPCRs in the brain, we also injected the GFP-tagged, CaMKII-driven control virus to mPFC to determine the requirement of DREADD for the effect of CNO.
In hM3Dq-DREADD-injected animals, the frequency of synaptic-driven sAPs was significantly lower in PFC pyramidal neurons from 16p11 ϩ/ Ϫ mice than those from WT mice, and intraperitoneal CNO injection significantly increased sAP frequency in 16p11 ϩ/ Ϫ mice, restoring PFC neuronal activity to the normal level ( Fig. 4C ; WT plus saline, 1.87 Ϯ 0.09 Hz; 16p11 ϩ/ Ϫ plus saline, 0.99 Ϯ 0.06 Hz; 16p11 ϩ/ Ϫ plus CNO, 1.93 Ϯ 0.08 Hz; WT plus CNO, 2.66 Ϯ 0.18 Hz; n ϭ 18 -32 cells/3-4 mice per group, F (1,93) (genotype) ϭ 59.6, p Ͻ 0.0001, F (1,93) (treatment) ϭ 68.9, p Ͻ 0.0001, two-way ANOVA). In contrast, in GFP-injected animals, systemic administration of CNO failed to restore sAP frequency in 16p11 ϩ/ Ϫ mice ( Fig. 4D ; WT plus saline, 1.96 Ϯ 0.25 Hz; 16p11 ϩ/ Ϫ plus saline, 1.06 Ϯ 0.17 Hz; 16p11 ϩ/ Ϫ plus CNO, 0.94 Ϯ 0.16 Hz; WT plus CNO, 1.89 Ϯ 0.24 Hz; n ϭ 7-9 cells/2 mice per group, F (1,28) (genotype) ϭ 16.5, p Ͻ 0.001, F (1,28) (treatment) ϭ 0.83, p Ͼ 0.05, two-way ANOVA).
Next, we examined the impact of chemogenetic elevation of PFC activity on NMDAR-EPSC in PFC pyramidal neurons from 16p11 ϩ/ Ϫ mice. In hM3Dq-DREADD-injected 16p11 ϩ/ Ϫ mice, CNO injection significantly increased NMDAR-EPSC amplitudes compared with saline injection (Fig. 5A ; 45-106% increase, n ϭ 15-17 cells/3 mice per group, F (1,59) (genotype) ϭ 10.37, p Ͻ 0.01, F (1,59) (treatment) ϭ 8.95, p Ͻ 0.01, two-way ANOVA), raising NMDAR-EPSC amplitudes to levels similar to WT mice. Such rescuing effect of CNO was not observed in GFP-injected 16p11 ϩ/ Ϫ mice ( Fig. 5B ; n ϭ 16 -17 cells/3 mice per group, F (1,63) (genotype) ϭ 35.89, p Ͻ 0.001, F (1,63) (treatment) ϭ 0.17, p Ͼ 0.05, two-way ANOVA).
We next sought to determine the potential mechanism by which hM3Dq-DREADD activation restored NMDAR function in 16p11 ϩ/ Ϫ mice. Because hM3Dq-DREADD uses Gq-coupled GPCR activity to induce an excitatory cellular response, we ex- , we focused on this phosphorylation site. PFC slices collected from hM3Dq DREADD-injected WT or 16p11 ϩ/ Ϫ mice were treated with either saline or CNO ex vivo for 20 min and probed for the level of phosphorylated NR2B at S1303 via Western blotting. As shown in Figure 5 , C and D, the basal level of S1303 phos-NR2B was lower in 16p11 ϩ/ Ϫ mice compared with WT mice, and CNO treatment led to a significant elevation of S1303 phos-NR2B in DREADD- ϩ/ Ϫ mice. C, Quantification analysis of total and synaptic protein levels in PFC from WT and 16p11 ϩ/ Ϫ mice. Total protein levels were normalized to tubulin. Synaptic protein levels were normalized to injected 16p11 ϩ/ Ϫ mice, whereas the effect of CNO in DREADDinjected WT mice was marginal (WT plus saline, 1.00 Ϯ 0.12; 16p11 ϩ/ Ϫ plus saline, 0.74 Ϯ 0.14; 16p11 ϩ/ Ϫ plus CNO, 1.30 Ϯ 0.08; WT plus CNO, 1.14 Ϯ 0.17; n ϭ 6 -10 slices/2-3 mice per group, F (1,25) (genotype) ϭ 0.01, p ϭ 0.72, F (1,25) (treatment) ϭ 7.8, p Ͻ 0.01, two-way ANOVA). These data suggest that Gq-DREADD activation might restore NMDAR function in 16p11 ϩ/ Ϫ mice via elevating the phosphorylation of NR2B subunits.
؉/؊ mice ameliorates cognitive and social deficits Considering the loss of NMDAR function and synaptic-driven excitability of PFC neurons in 16p11 ϩ/ Ϫ mice, we next examined whether chemogenetic activation of PFC neurons could ameliorate the deficits in cognition and social behaviors exhibited in 16p11 ϩ/ Ϫ mice (Portmann et al., 2014; Tian et al., 2015; Yang et al., 2015a,b; Arbogast et al., 2016) . WT and 16p11 ϩ/ Ϫ mice with PFC infection of the CaMKII-driven DREADD AAV (hM3Dq) were subject to a variety of behavioral assays. As controls, another cohort of WT and 16p11 ϩ/ Ϫ mice received mPFC injection of the GFP virus before being subjected to the same behavioral assays. Both male and female WT and 16p11 ϩ/ Ϫ mice were used in behavioral tests.
The Barnes maze, a cognitive test assessing spatial memory (Sharma et al., 2010) , was first performed because NMDAR hypofunction in mPFC has been linked to impaired Barnes maze performance by a previous pharmacological study (Locklear et al., 2015) . The Barnes maze tests the animal's spatial memory by recalling the location of one correct hole (where an escape box was attached before) from seven other incorrect holes on a round platform. The spatial memory index is calculated by the time spent exploring the correct hole divided by the time spent exploring all the other incorrect holes. We found that in Gq-DREADDinjected animals, 16p11 ϩ/ Ϫ mice spent significantly less time exploring the correct hole and more time exploring the incorrect holes compared with WT mice, suggesting diminished spatial memory, and after CNO administration, 16p11 ϩ/ Ϫ mice spent significantly more time exploring the correct hole and less time exploring the incorrect holes ( Fig. 6A ; correct hole: WT plus saline, 37.9 Ϯ 1.7 s; 16p11 ϩ/ Ϫ plus saline, 25.8 Ϯ 2.1 s; 16p11 ϩ/ Ϫ plus CNO, 35.9 Ϯ 2.2 s; WT plus CNO, 36.0 Ϯ 1.7 s; n ϭ 6 -8 per group, F (1,23) (genotype) ϭ 9.9, p Ͻ 0.01, F (1,23) (treatment) ϭ 4.5, p Ͻ 0.05, two-way ANOVA; incorrect holes: WT plus saline, 27 Ϯ 1.0 s; 16p11 ϩ/ Ϫ plus saline, 32.3 Ϯ 1.4 s; 16p11 ϩ/ Ϫ plus CNO, 25.3 Ϯ 1.1 s; WT plus CNO, 24.6 Ϯ 1.7; n ϭ 6 -8 per group, F (1,23) (genotype) ϭ 4.9, p Ͻ 0.05, F (1,23) (treatment) ϭ 11.9, p Ͻ 0.01, two-way ANOVA). Accordingly, the spatial memory index was significantly lower in 16p11 ϩ/ Ϫ mice than WT animals, which was brought to the normal level by CNO (WT plus saline, 1.43 Ϯ 0.12; 16p11 ϩ/ Ϫ plus saline, 0.81 Ϯ 0.1; 16p11 ϩ/ Ϫ plus CNO, In GFP-injected animals ( Fig. 6B) , CNO administration did not affect the amount of time that 16p11 ϩ/ Ϫ mice spent in exploring the correct hole (WT plus saline, 35.2 Ϯ 1.3 s; 16p11 ϩ/ Ϫ plus saline, 20.0 Ϯ 2.2 s; 16p11 ϩ/ Ϫ plus CNO, 21.4 Ϯ 2.0 s; WT plus CNO, 31.7 Ϯ 1.8; n ϭ 7 per group, F (1,24) (genotype) ϭ 48.53, p Ͻ 0.0001, F (1,24) (treatment) ϭ 0.32, p Ͼ 0.05, two-way ANOVA) or incorrect holes (WT plus saline, 24 Ϯ 2.5 s; 16p11 ϩ/ Ϫ plus saline, 30.1 Ϯ 1.8 s; 16p11 ϩ/ Ϫ plus CNO, 34.1 Ϯ 3.2 s; WT plus CNO, 23.0 Ϯ 1.9; n ϭ 7 each group, F (1,24) (genotype) ϭ 11.2, p Ͻ 0.01, F (1,24) (treatment) ϭ 0.64, p Ͼ 0.05, two-way ANOVA). The spatial memory index of 16p11 ϩ/ Ϫ mice was also not restored after CNO injection (WT plus saline, 1.55 Ϯ 0.14; 16p11 ϩ/ Ϫ plus saline, 0.70 Ϯ 0.11; 16p11 ϩ/ Ϫ plus CNO, 0.67 Ϯ 0.09; WT plus CNO, 1.35 Ϯ 0.06; n ϭ 7 each group, F (1,24) (genotype) ϭ 52.62, p Ͻ 0.0001, F (1,24) (treatment) ϭ 1.22, p Ͼ 0.05, two-way ANOVA).
Next, the social approach behavior was examined. In Gq-DREADD-injected animals (Fig. 6C), 16p11 ϩ/ Ϫ mice spent significantly less time interacting with a social stimulus and engaged in fewer social interactions compared to WT mice, and CNO injection significantly increased the amount of time that 16p11 ϩ/ Ϫ mice spent interacting with the social stimulus and the number of social interactions (social time: WT plus saline, 166 Ϯ 13.5 s; 16p11 ϩ/ Ϫ plus saline, 108.3 Ϯ 13.8 s; 16p11 ϩ/ Ϫ plus CNO, 165.1 Ϯ 11.5 s; WT plus CNO, 167.2 Ϯ 13.0; n ϭ 6 -8 per group, F (1,24) (genotype) ϭ 5.0, p Ͻ 0.05, F (1,24) (treatment) ϭ 4.7, p Ͻ 0.05, two-way ANOVA; social number: WT plus saline, 28.5 Ϯ 2.2; 16p11 ϩ/ Ϫ plus saline, 20.3 Ϯ 1.2; 16p11 ϩ/ Ϫ plus CNO, 28.5 Ϯ 1.6; WT plus CNO, 28.6 Ϯ 1. 
Discussion
Microdeletion of the 16p11.2 region is associated with several syndromes mainly characterized by intellectual and social deficits (Portmann et al., 2014; Tian et al., 2015; Yang et al., 2015a,b; Arbogast et al., 2016) . Previous reports have implicated dysfunction of basal ganglia circuitry (Portmann et al., 2014; Maillard et al., 2015) and widespread brain structure irregularities (Horev et al., 2011) in the etiology of 16p11.2 deletion syndrome. In the present study, we show that 16p11.2 deletion mice exhibit deficient NMDAR function in the PFC. By using chemogenetic activation of PFC pyramidal neurons, we have demonstrated that NMDAR function is restored and cognitive and social deficits are ameliorated in 16p11 ϩ/ Ϫ mice.
Dysfunctional glutamatergic activity in the PFC has not been previously reported in 16p11.2 deletion syndrome, although an increase in the AMPAR/ NMDAR ratio was found in the nucleus accumbens (NAc) of 16p11 ϩ/ Ϫ mice (Portmann et al., 2014) . This result is analogous to the decreased NMDAR/ AMPAR ratio observed in the PFC. Given the deficits in spatial memory shown previously (Yang et al., 2015b) and replicated here, disruptions in 16p11 ϩ/ Ϫ hippocampal activity would also be conceivable; however, multiple studies have indicated normal synaptic function in the hippocampus of 16p11 ϩ/ Ϫ mice (Tian et al., 2015; Arbogast et al., 2016) . It is possible that NMDAR hypofunction in the PFC underlies the intellectual and social deficits associated with 16p11.2 deletion syn- drome, as glutamatergic transmission in the PFC, and specifically NMDAR function, is a critical component for working memory and cognitive processing as well as for social behaviors (Goldman-Rakic, 1995; Lisman et al., 1998) . Moreover, the disrupted signaling observed in the NAc and PFC may be related, as the NAc receives glutamatergic projections from the PFC (Britt et al., 2012) and NAc activity is regulated by PFC inputs (Del Arco and Mora, 2008) . NMDAR function is highly regulated by GPCR signaling . Activation of protein kinases downstream of GPCR signaling have been shown to potentiate NMDAR currents in the PFC and other brain areas through mechanisms including receptor phosphorylation (Gurden et al., 2000; Chen et al., 2004; Rojas and Dingledine, 2013) . Phosphorylation of NR1 subunit at S890 and S896 alters NMDAR clustering and surface expression (Tingley et al., 1997; Scott et al., 2001) . The lack of changes in the level of synaptic NMDARs in 16p11 ϩ/ Ϫ mice led us to focus on NR2B phosphorylation at S1303, a substrate of PKC and CaMKII (Chen and Roche, 2007) . Previous studies have found that PKC can directly phosphorylate S1303 in the NR2B C terminus, leading to enhanced NMDAR currents (Liao et al., 2001 ). Interestingly, hM3Dq-DREADD significantly elevated the diminished level of S1303-phosphorylated NR2B in 16p11 ϩ/ Ϫ mice, which correlated well with the DREADD-induced restoration of NMDAR function in these animals. It suggests that NMDAR hypofunction in 16p11 ϩ/ Ϫ mice is likely caused by the dysregulation of NMDAR phosphorylation, which can be reversed by chemogenetic stimulation of the GPCR signaling.
In conclusion, our results suggest that dysregulated NMDAR function in the PFC is strongly implicated in the manifestation of cognitive and social impairments in 16p11.2 deletion syndrome. Chemogenetically activating PFC pyramidal neurons in 16p11 ϩ/ Ϫ mice is sufficient to ameliorate behavioral deficits, potentially revealing a novel intervention strategy for the treatment of 16p11.2 deletion syndrome.
